In this study we show how to use GPR data acquired along 4 the infiltration of water inside a single ring infiltrometer to inverse the sat-5 urated hydraulic conductivity. We used Hydrus-1D to simulate the water in-6 filtration. We generated water content profiles at each time step of infiltra-7 tion, based on a particular value of the saturated hydraulic conductivity, know-8 ing the other van Genuchten parameters. Water content profiles were con-9 verted to dielectric permittivity profiles using the Complex Refractive In-10 dex Method relation. We then used the GprMax suite of programs to gen-11 erate radargrams and to follow the wetting front using arrival time of elec- gorithm from the van Genuchten parameters.
Introduction
Soil hydraulic properties, represented by the soil water retention θ(h) and hydraulic conductivity K(h) functions, dictate water flow in the vadose zone, as well as partitioning 23 between infiltration and runoff. Their evaluation has important implications for mod-24 eling available water resources and for flood forecasting. It is also crucial in evaluating 25 the dynamics of chemical pollutants in soil and in assessing the potential of groundwater 26 pollution.
27
Soil hydraulic functions can be described by several mathematical expression [Kosugi 28 et al., 2002] , among them the van Genuchten function [van Genuchten, 1980] . The deter- The objectives of this paper were i) to check if the proposed method is accurate enough to 88 monitor wetting front during infiltration with different boundary conditions, ii) to invert 89 saturated hydraulic conductivity using the model of Mualem-van Genuchten [Mualem, 90 1976; van Genuchten, 1980] , and iii) to analyze the uncertainties using a simplified MC 91 uncertainty analysis. The method has been tested on synthetic examples and on two field 92 data sets. 
Unsaturated Flow Equation
In this study we consider one-dimensionnal vertical water flow in a soil, described by 94 the one-dimensional Richard's equation [Richards, 1931] . Its expression in term of water 95 content is
where K(θ) is the hydraulic conductivity as a function of water content, and D(θ) is 
Hydraulic Properties Functions
Several mathematical functions exist to model the hydraulic properties of porous me- et al., 2002] . We chose the van Genuchten model [van Genuchten, 1980] 101 with the relation of Mualem [Mualem, 1976] , giving the following expression for the water 102 retention curve: where θ s is the saturated water content, θ r , the residual water content, and α and n, two 104 fitting parameters which are respectively linked to the matric potential and the slope of 105 the water retention curve at the inflexion point. The hydraulic conductivity function is 106 described by
with K s the saturated hydraulic conductivity, Θ = works of Annan [Annan, 1999] , the velocity of electromagnetic waves is 
We used this equation to compute the travelling time of an EM wave through a layer of 132 soil of known thickness with a given dielectric permittivity. 
Experimental Set-up
We studied infiltration of a 5-cm thick water layer inside of a single ring infiltrometer 141 in a sandy soil. The scheme of the apparatus is presented in Figure 1 . The single ring to make them clearer. The van Genuchten parameters, α, n, θ r , θ i of the sand have 160 been determined in laboratory by several classical hanging water column experiments.
161
We assumed arbitrarily a 5 % uncertainty for all the measured parameters. transformed to a 2D series of reflection coefficients:
where √ ε i,t and √ ε i+1,t are the relative dielectric permittivity at the infiltration time t time to simulate the transformation made by the emitter and the receiver in real antennae.
195
We then performed the convolution between this pseudo-GPR signal and the reflectivity
where O(t) is the output signal, R(t) is the reflectivity and I(t) is the input source of the 198 antenna. The set of hydrodynamical parameters used for this numerical example is presented in 219   Table 1 . The permittivity profiles, resulting from water content conversions from Hydrus- with GprMax2D, two traces being separated by 10 seconds, as permittivity profiles are.
224
The vertical axis is the TWT time of the EM wave coming back to the receiver.
225
On the profile presented in Figure 2 -b, we denote one particular reflection, labeled A. Its A increases more slowly, creating a change of slope in the reflection time curve (Fig. 2-b) .
233
In Figure 2 -c, we display two curves: the TWT time of the maximum peak of reflection A Guides in Metrology (JCGM). We consider five major uncertainty sources, four from the 268 van Genuchten parameters, α, n, θ r , θ s and one from the initial water content θ i . We do as-
269
sume that all uncertainties can by described by gaussian distribution probability function 270 centered on the value found by several water hanging column experiments with a stan-271 dard deviation of 5 % of this value. With this definition we obtained the following set of 272 a priori density function for experimental case:
where the N stands for the gaussian/normal probability density function and the µ and stabilized standard deviation. We used this standard deviation as uncertainty on K s .
282
We did not consider the uncertainties on radargram picking, because we evaluated it 283 has a very weak influence comparing to the other uncertainties considered.
284
Using our analysis, we found in the case of falling head infiltration that K s was equal infiltrometer value, and clearly shows the accuracy of our method. minutes. The permittivity profiles are presented in Fig. 4 -a, with each curve plotted every 293 10 s as in the previous case. Fig. 4 -b shows the radargram simulated with GprMax2D.
294
As can be seen, the reflection labeled A describing the position of the infiltration front, is 295 returning at increasing times, because infiltration is being constantly fed by the constant Fig. 1 ). The GPR data are shown in Fig. 5 and were recorded during 80 minutes
308
(only a part of the radargram is presented). We used the van Genuchten parameters 309 determined in the laboratory using the hanging column experiments (Table 1) and we 310 measured on sand core samples an initial volumetric water content of θ i = 0.07 ± 0.02.
311
In the profile presented in Fig. 5 , the arrival time of reflection A ranges from 0 at the 312 beginning of the experiment to about 6 ns after 10 min. We picked the arrival time of the A 313 reflection peak and computed the objective function using the same procedure as described 314 before. We obtained the minimum of the objective function for K s = 0.089 cm/min. itoring of soil water content using electrical resistivity tomography, Water Ressources
